Abstract: Phenological shifts in events such as flowering and bud break are important indicators of ecosystem processes, and are therefore of particular significance for carbon (C) cycle research. Using long-term flux data from three contrasting plant functional type (evergreen and deciduous) boreal forest sites, we evaluated and compared the responses of annual C fluxes to multiple spring phenological indicators, including the C-uptake period onset (CUP onset), spring temperature (average value from March to May), and satellite-derived enhanced vegetation index (EVI) (average value from March to May). We found that the CUP onset was negatively correlated with annual gross primary production (GPP) for all three sites, but that its predictive strength for annual net ecosystem production (NEP) differed substantially among plant functional types. Spring temperature demonstrated particularly good potential for predicting both annual GPP and NEP for the evergreen sites, but not for the deciduous site. Spring EVI was demonstrated to have potential for predicting annual NEP for all sites. However, both plant functional types confounded the correlation of annual NEP with annual GPP. Although none of these phenological indicators provided consistent insight into annual C fluxes, using various currently available datasets our results remain potentially useful for the assessment of forest C cycling with future climate change. Previous analyses using only a single phenological metric should be considered with caution.
Introduction
The timing of plant canopy phenological events is an important indicator of the temporal and spatial variability of ecosystem-atmosphere fluxes [1, 2] . Therefore, efforts have focused on understanding the impacts of phenological transitions on carbon (C) sequestration both at the plot level and on a continental scale [3] [4] [5] .
Interannual variability of net ecosystem production (NEP), the difference between gross primary production (GPP) and ecosystem respiration (R e ), is regulated by both biotic (e.g., GPP, stand age) and abiotic (e.g., precipitation, temperature) variables [6, 7] . However, annual NEP is also dependent on the seasonal variation of other variables, such as spring temperature and growing season length (GSL) [8] [9] [10] [11] [12] . Higher spring temperatures tend to increase annual NEP in various ecosystems, likely due to the earlier onset of canopy greenness [13, 14] . In contrast, autumn warming would have a negative influence on annual NEP if ecosystem respiration rates were more sensitive to temperature changes [15, 16] . These results imply that seasonal changes in climate are important indicators of the annual NEP, as these changes can shift phenological transitions and consequently affect plant growth rhythm.
Various phenological indicators derived from diverse datasets have been used in previous studies. Among these, carbon flux-based phenology (CFP) has recently been used widely. These phenological indicators include the onset and end of the carbon-uptake period (CUP) (i.e., the period of net carbon uptake from the atmosphere) [1, 2, 9, [17] [18] [19] [20] . Spring temperature (mean values from March to May) has also been used to indicate the onset of the growing season and the annual NEP [3, 13] . However, flux-based phenology is limited by the availability of flux data (i.e., spatial representativeness), as well as the distributions and footprints of the towers [17] . Although many flux networks, such as AmeriFlux and Fluxnet-Canada, have been established, data from these networks provide critically useful but spatially limited information for global applications.
Satellite data have been utilized as an alternative for the capture of phenological transitions at regional, continental, and global scales [20] . Fitted curves for vegetation index (VI) time series are used (e.g., determining the transition dates from the local maxima and minima in the fitted function), including the enhanced vegetation index (EVI) [4, 18, 21] , the normalized difference vegetation index (NDVI) [2, 20, 22] , and the MERIS Terrestrial Chlorophyll Index (MTCI) [23] . The advantage of remote-sensing data is that they are uniquely spatially explicit, and are useful for evaluating and validating models and assumptions with a wider spatial coverage compared to flux measurements. Furthermore, the results presented by Fisher and Mustard [24] indicate a good general consensus among different spatial datasets of satellite-generated interannual phenology features, supporting the effectiveness of remote-sensing data for monitoring forest responses to global-scale climate variability [25] .
As demonstrated by Garrity et al. [4] , the relative strengths and weaknesses of phenological indicators must be identified and compared. This is a necessary step for the incorporation of these indicators into ecosystem models, to better interpret annual C fluxes. Furthermore, it is vital to understand the effects of plant functional types on the relationship between C fluxes and phenological indicators, which is significant when scaling up these relationships. Here we present a comparison of the predictive strength of several spring phenological indicators for annual GPP and NEP in boreal regions of Canada, where climate warming has been suggested to be the greatest worldwide during the several past decades [14] . Long-term flux measurements at three forest sites (one deciduous and two evergreen stands), as well as a time series of satellite observations were used to analyze the responses of annual NEP and GPP to multiple spring phenological indicators, including C-uptake period onset, spring temperature, and spring EVI. The main objectives of this study were: (1) to compare the potential of various spring phenological indicators for predicting annual C fluxes, and (2) to analyze the responses of different plant functional types to the relationship between C fluxes and these spring phenological indicators.
Materials and Methods

Study Sites
Three boreal forests sites were selected for this analysis. The dominant species at this site is jack pine, with a sparse understory of isolated alder clumps and a ground cover of bearberry (Arctostaphylos uva-ursi), lichens, and grasses. The soil in the area is an Orthic Eutric Brunisol with very good drainage and a fine sand texture. The stand density is 1320 trees ha −1 , with a mean tree height of 12.7 m and an average DBH of 12.9 cm [27] .
Flux Data
Flux data provide continuous net ecosystem exchange (NEE) measurements, assisting with the mechanistic understanding of temporal and spatial variations of C fluxes [17, 28] . Fluxes of momentum, sensible heat, water vapor, and CO 2 were measured using the eddy covariance (EC) technique [26] . Velocity components, air temperature, water vapor density, and CO 2 concentration in the air were sampled rapidly, and calculations of relevant covariances were performed from these samples to obtain the fluxes. Wind speed and CO 2 mixing ratio were measured at a specific height above the ground (i.e., 39 m for SK-OA and 25 m for SK-OBS) using a three dimensional sonic anemometer-thermometer (SAT, Model R3, Gill Instruments, Lymington, UK) and a closed-path infrared gas analyzer (IRGA) (Model LI-6262), respectively.
A standard procedure implemented by Fluxnet-Canada was used to estimate the annual NEP for model evaluation. NEP was partitioned into GPP and R e using gap-filled half-hourly measurements of NEE. Empirical regressions of nighttime NEE versus temperature and daytime GPP versus photosynthetic active radiation (PAR) were used to estimate R e and GPP, respectively, and gaps were filled as described by Barr et al. [26] . Three steps were followed to acquire the annual NEP, GPP, and R e . First, the net ecosystem exchange (NEE) was estimated as the sum of the measured eddy and air-column storage fluxes with two adjustments. The first is a correction for low turbulence, where a critical value of friction velocity (u*) is used to filter unacceptable data. Typically values of u* > 0.35 m· s −1 were employed, with individual values determined for each site. The second adjustment was for poor energy-balance-closure, where turbulent fluxes (including NEP) were adjusted so that the sum of sensible and latent heat fluxes balanced the net radiation minus energy storage terms. Next, measured R e was estimated as R e = −NEP during periods when GPP was known to be zero, specifically at night and during both night and day in the cold season (periods when both air (T a ) and 2-cm soil (T s ) temperatures were below 0 °C). Finally, GPP was estimated as NEP + R e (daytime) or zero (nighttime and during periods when both T a and T s were less than 0 °C) with an additional empirical model to fit the non-zero GPP data for the entire year.
Satellite Data
Satellite-based observations from the Moderate Resolution Imaging Spectroradiometer (MODIS) sensor were used in this study. We used the MODIS land surface vegetation index product, which was downloaded from the Oak Ridge National Laboratory's Distributed Active Archive Center (DAAC) website [29] . This MODIS vegetation index product (MOD13Q1, 500 m, collection 5) can provide the enhanced vegetation index (EVI) [30] for a 16-day time interval using atmospherically corrected bi-directional surface reflectance. Low-quality observations resulting from cloud contamination and other factors (e.g., snow) were rejected by selecting the quality flag, which ensured that the monthly EVO calculation was of good quality.
The EVI was quantified by the following equation:
where R NIR , R Red , and R Blue represent the reflectance at near-infrared, red, and blue wavelengths (nm), respectively. Based on the geo-location information (latitude and longitude) of the flux tower sites, EVI was extracted from the 3 × 3-pixel area at the center point on the flux tower, similar to the approaches of Sims et al. [31] and Wu et al. [32] . This was reasonable due to the large footprints (>1.5 km) of all sites throughout the year reported by Chen et al. [33] . The averages of the observations during the month were then used to represent the mean monthly value [34] .
Spring Phenological Indicators
Three spring phenological indicators were used, i.e., the CUP onset, spring temperature (mean value of monthly data from March to May), and the spring EVI (mean value of monthly data from March to May). The method used to determine the CUP onset (day of year, DOY) from the daily NEP is shown in Figure 1 . We first generated daily NEP over the whole year from the half-hourly measurements. Then, a negative exponential model using polynomial regression and weights computed from the Gaussian density function was adopted to derive the smoothed curve for daily NEP observations [5] . The CUP onset was designated as the first day when a positive daily NEP of the smoothed curve was observed. 
Results
Descriptions of Annual C Fluxes
Annual ecosystem C fluxes, GPP, and NEP of all sites are shown in Figure 2 
Spring Phenological Indicators across Sites and Intercorrelations among These Indicators
Comparisons among these spring phenological indicators were conducted for all sites (Table 1) . Both CUP onset and spring EVI exhibited substantial variation among the sites, whereas the spring temperature range was similar at the three sites. Differences due to site characteristics could account for the observed variation in CUP onset and spring EVI. The deciduous forest site, SK-OA, showed a delayed CUP onset, with the earliest value at DOY 132 in 2001 and the latest at DOY 161 in 2004. The averages of the CUP onsets indicated that the two evergreen sites generally began net C uptake 40 days earlier than the SK-OA site. These two sites were also found to have greater interannual variability in CUP onset than the deciduous site, as indicated by the higher standard deviations. Statistical analysis indicated that the spring EVI of SK-OA was significantly higher (p < 0.001) than that of the SK-OBS and SK-OJP sites, which is reasonable given that evergreen species often demonstrate limited variability in interannual canopy greenness. We further analyzed the correlations among these three spring phenological indicators for all sites (Figure 3) . The results showed a correlation among all of the indicators, except between the spring EVI and CUP onset at the SK-OJP site. While spring temperature was moderately correlated with spring EVI, CUP onset was more strongly correlated with spring EVI, with R 2 values of 0.64 (p = 0.009) and 0.66 (p = 0.007) for SK-OA and SK-OBS, respectively. As CUP transitions play an important role in controlling annual C fluxes [1] , we suggest that spring EVI is a candidate for incorporation into ecosystem models.
Relationships between CUP Onset and C Fluxes
The CUP onset was negatively correlated with annual C fluxes for all sites ( 
Relationships between Spring Temperature and C Fluxes
Spring temperature showed limited potential as a proxy for C fluxes at the SK-OA site, and no correlation was found between spring temperature and either annual GPP or NEP (Figure 5a,b) . 
Relationships between Spring EVI and C Fluxes
Spring EVI was demonstrated to have a relatively consistent positive impact on C flux for all sites, although the level differed among the sites (Figure 6 ). High R 2 values of 0.66 (p = 0.008) and 0.61 (p = 0.013) were observed for spring EVI and GPP, and NEP for the SK-OA site. However, no significant correlation (R 2 = 0.26, p = 0.168) was found between spring EVI and GPP for the SK-OBS site. For SK-OJP, spring EVI was consistently correlated with annual GPP and NEP, with R 2 values of 0.40 (p = 0.048) and 0.51 (p = 0.020), respectively. At the deciduous site, SK-OA, spring EVI is a direct measure of canopy greenness and thus showed close relationships with both GPP and NEP. In contrast, SK-OBS showed limited variation in canopy greenness, and thus GPP showed low sensitivity to spring EVI changes. Interestingly, the NEP of the two evergreen sites showed high correlation with spring EVI. Although the GPP of SK-OBS was independent of spring EVI, our results suggest that spring variation in canopy greenness may have potential as an indicator of the annual NEP of both evergreen and deciduous sites in boreal regions. This would be of great significance for the remote evaluation of C sequestration among plant functional types, given the convenient acquisition of global EVI data from satellite observations. 
Discussion
Comparison of the Spring Phenological Indicators
Among the spring phenological indicators, CUP onset is the best indicator of annual GPP, given its consistent and high correlation at all sites. These observations confirm that phenological indicators derived from the C flux data are possible indicators of C fluxes [1, 4, 8, 9] . Our results further suggest that this correlation is independent of plant functional type, and so has considerable potential for future applications. However, three limitations constrain the application of CUP onset as a GPP proxy. First, this metric requires the measurement of NEE, which is limited by the number, distribution, and footprint of flux towers. Therefore, an upscaling algorithm is required to interpret the results of flux towers at a regional scale. Second, CUP onset is not appropriate for recently disturbed (i.e., fire, harvest) ecosystems that have only few days with a positive NEP over the whole year. This could be the major limitation to the use of CUP onset, considering the large areas of disturbed forest worldwide. The final uncertainty is that previous analyses have determined that CUP onset is a good indicator of annual NEP, which was not supported at the SK-OA and SK-OJP sites in our evaluation. A possible explanation is that in addition to spring phenology, summer drought may also influence the annual NEP for boreal forests, particularly for deciduous forest [35] .
Spring temperature is a potential indicator of C fluxes for evergreen sites. However, its feasibility for deciduous sites is uncertain, and requires further in-depth evaluations. We used the air temperature recorded at the flux towers to calculate spring temperature; however, this method is limited by the availability of flux towers or weather stations. While remote-sensing technology can provide systemic observations of land surface temperature, the precision of these data is dependent on various factors [36] . These limitations likely restrict the use of spring temperature in operational applications.
We suggest that spring EVI would be better applied in future ecosystem models to enhance the simulation of the impact of climate change on C sequestration. Our results showed consistently high correlations between spring EVI and annual NEP for all sites. The most convenient aspect of EVI is that it can be acquired from time series data from satellite sensors, including MODIS and Landsat/TM [37] . In particular, assessing the feasibility of predicting a long-term EVI curve would greatly improve the data quality and facilitate ecosystem modeling [25, 38] . Several studies have suggested the usefulness of satellite-based tools for phenology monitoring. This is supported by the strong correlation between spring EVI and the C flux phenology in our results, which is more appropriate for indicating net C exchange between the ecosystem and atmosphere [4, 18, 39] . One caveat for the application of remote-sensing data, however, is that they require the careful removal of uncertainties due to low solar illumination, the presence of ice/snow, and cloud cover in the high latitudes during the winter and early spring.
Impact of Plant Functional Type
We found that the deciduous site showed greater sensitivity to changes in spring phenology, as indicted by the greater slopes of the regressions (Figures 4 and 6 ). This is consistent with the observations of Euskirchen et al. [40] that deciduous species begin photosynthesis following leaf-out, and are characterized by a short and concentrated growing season. Therefore, GPP will have greater sensitivity to variation in the length of the growing season, as indicated by the CUP onset in our analysis. In contrast, the evergreen species exhibited low rates of photosynthesis for longer periods during the growing season, which leads in turn to low sensitivity in terms of the response of C flux to CUP onset.
In terms of plant functional type, spring temperature was a more appropriate indictor of C fluxes in the evergreen forest sites than for the deciduous forest site. Both GPP and NEP of deciduous ecosystems are related to phenology, which can be defined as the rhythm of growth. In contrast, the evergreen species may not show a clear pattern of canopy greenness during the growing season. Spring temperature could have played a greater role in controlling the growing rhythm than other environmental factors (e.g., water and radiation) for the evergreen species. Therefore, C fluxes of evergreen ecosystems are controlled more directly by temperature. These suggestions are supported by the more adaptive responses of evergreen ecosystems to environmental factors other than high-temperature-induced drought [41] , and are consistent with the relative importance of environmental factors in several plant functional types [32] .
Conclusions
Using flux measurements and time-series MODIS EVI products at three boreal forests in Canada, we analyzed and compared the potential of three spring phenological indicators of annual C fluxes. The C flux phenology, CUP onset, was an indicator of annual GPP at all sites, but was significantly correlated with annual NEP only at the SK-OBS site. Spring temperature showed limited potential as a proxy for C flux at the deciduous site, but represented a consistent measure of annual GPP and NEP at the two evergreen sites. While MODIS-derived spring EVI showed a weak correlation with GPP at the SK-OBS site, it exhibited a strong relationship with annual NEP at all sites, irrespective of differences in plant functional type. This finding is especially important as it provides a good proxy for net C uptake across species, and so will facilitate scaling up for regional and global analysis of the effects of climate change on C balance.
A potential limitation of our analysis is that we focused primarily on spring phenology, and autumn phenology might also have important effects on the annual C balance. This is in accordance with recent reports that autumn phenology regulates interannual NEP variability [1, 5] . A combination of both would increase the power of ecosystem models to predict changes in C sequestration with future climate change. NEP also depends on stand age (i.e., different amplitudes in R e ), and given the mature and old forest sites examined in this study, our findings may not be applicable to young forests and other ecosystems (e.g., crops, grasslands). Because the components of soil respiration differ among forests of various ages [42, 43] , caution should be used when applying our results to young forests. Therefore, further analysis and evaluation would facilitate extension of our results to more ecosystems in diverse ecoregions.
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